A mutant of Salmonella typhimurium LT2 deficient in methylation of the adenine residues in the sequence 5'-GATC-3' was isolated. The mutation (dam-1) was linked to the cysG locus, and the properties of the mutant were similar to those of Escherichia coli dam mutants. Reversion of the hisC3076 frameshift marker by 9-aminoacridine was substantially enhanced by the dam-i mutation, implying a direct role for adenine methylation in the prevention of frameshift mutation induction.
The DNA of both Escherichia coli and Salmonella typhimurium is methylated at the adenine residue in the sequence 5'-GATC-3'. Mutants of E. coli deficient in DNA adenine methylation (dam) have been isolated and exhibit increased sensitivity to the lethal effects of base analogues such as 2-aminopurine (2AP) in addition to increased spontaneous mutation frequencies and mutability by a variety of mutagens, increased recombination frequencies and increased spontaneous induction of prophage, and precise excision of certain transposons (for a review, see reference 9). Some of these phenotypes (in particular sensitivity to 2AP) are reversed by the introduction of mutations in the mutH, mutL, and mutS genes of the mismatch repair pathway (5) . It has been proposed that after DNA replication the newly synthesized strand is transiently unmethylated at adenine residues and that the hemimethylated sites provide a means of discriminating between the parental and neyvly synthesized strands to allow the accurate correction by the mismatch repair pathway of replication errors (4, 6) . Methylation of adenine residues is also known to influence the expression of a number of genes (13 (3) . All five Kanr transductants tested were resistant to 2AP (500 pug/ml), consistent with the designation qf the mutant as dam. The plasmid pMQ148 was introduced into NR5265 by transformation (7) and selection for ampicillin resistance (25 pig/ml; Sigma). All of six Apr transformants tested were also resistant to 2AP. The plasmid pMQ148 (M. G. Marinus, personal communication) is identical to the plasmid pdamll8 (2) and contains a functional dam gene in a 1.14-kilobase BamHI-PvuII fragment of E. coli DNA. Therefore, the mutation described here must have been located in the dam gene. Direct analysis of DNA methylation patterns (see below) confirmed this conclusion.
A strain suitable for the analysis of the effects of the dam-i mutation on induction of base substitution and frameshift mutations was constructed. Strain NR5280 (trpE8 cysG1510::TnlO) was transduced with a P22 lysate grown on the mutant isolate (NR5265). Of 200 purified Cys' transductants checked for growth on NYA plates containing 2AP (500 ,ug/ml; Sigma), 24% were sensitive to 2AP. One Cys+ 2APS isolate was selected for further characterization, and the hisC3076 marker was introduced into this strain by P22 transduction which utilized selection for the linked zec-2::TnlO tetracycline resistance (25 jiwg/ml; Sigma). The resulting strain, NR5293 (trpE8 hisC3076 zec-2::TnJO dam-i), which carries the base substitution mutation trpE8 and the frameshift mutation hisC3076, was characterized in detail.
The methylation status of adenine residues was investigated by using the restriction enzymes Sau3AI, DpnI, and MboI, all of which recognize the sequence 5'-GATC-3' but differ in their responses to the presence of methylated adenine residues in this sequence. DNA was isolated (3) from NR5068 (dam') and NR5293 (dam-i) cells and digested with Sau3AI, MboI, and DpnI (New England BioLabs, Inc., Beverly, Mass.). Digestions were carried out as recommended by the manufacturer (Fig. 1) . DNA from both strains was cleaved by Sau3AI which recognizes both methylated and unmethylated DNA, whereas only DNA from the dam' strain was cut by DpnI (which requires methylated adenine residues), and only DNA from the dam-i mutant was cut by MboI (which requires unmethylated adenine residues). Thus, the dam-i mutant was deficient in DNA adenine NOTES 421 The effects of a deficiency in adenine methylation on reversion of the base substitution marker trpE8 and of the frameshift marker hisC3076 were also investigated. Stationary-phase cells (2 x 108 to 5 x 108) were plated on minimal medium with limiting tryptophan (1 ,ug/ml) or limiting histidine (0.1 ptg/ml). The procedure is described in detail elsewhere (11) . Spontaneous reversion of trpE8 and hisC3076 was elevated 20-fold (from 21.0 to 423.6 colonies per plate) and 5-fold (from 6.8 to 32.4 colonies per plate), respectively, in the dam-i mutant when compared with NR5068 (dam') (based on 10 independent triplicate determinations).
The effect of the dam-i mutation on 9AA-induced reversion of the hisC3076 marker is shown in Fig. 2 . For the dam' strain, a two-component dose response curve was observed. Very few induced revertants were detected at 9AA doses up to a threshold of 60 pzg per plate, and at higher doses a (dam') (A) and NR5293 (dam-i) (a). 9AA hydrochloride (Sigma; batch 80F-0168) was included with 2 x 108 to 5 x 108 cells in 2 ml of soft agar overlay on minimal plates containing limiting histidine (0.1 ,ug/ml) as described previously (11) . Each point is the average of three independent duplicate determinations.
dramatic increase in the number of His' colonies was observed. For the dam-i mutant, the threshold effect was absent and a linear dose response was observed. At all doses shown the viability was 100%. In E. coli, the dam4 mutation causes the same effect (10) . A similar effect is also observed with mutL, mutH, and mutS mutants (12; unpublished results), and it appeared that correction of errors by the adenine methylation-instructed mismatch repair pathway was responsible for the threshold effect observed in the dam' strain. The increased response of dam mutants to the mutagenic effects of 2AP has recently been questioned. All 2AP-induced mutants were found to be 2AP resistant (9) and presumably arose from 2AP-resistant dam mut mutants which arise or are present in the dam-culture because of the selective advantage of these cells during the overnight treatment with 2AP. We therefore purified His' colonies isolated after treatment of the dam-i mutant with 9AA. Of 200 His' colonies tested, 95% were sensitive to 2AP, indicating that the increased mutability of the dam-i mutant by 9AA was a direct effect of the dam-i mutation. We conclude that mismatch repair plays an important role in the correction of frameshift mutations.
The phenotypic effects of the dam-i mutation in S. typhimurium were similar to those observed for E. coli dam mutants (9) . The availability of an S. typhimurium dam mutant should facilitate screening of potential frameshift mutagens (especially acridines) and increase the range of the Ames tester strains for carcinogens and mutagens (1). 
